The enemy release hypothesis states that the absence of effective natural enemies can be a 43 fundamental aspect leading to the successful establishment of an invasive species. This study 44
Dinocampus coccinellae as a parasitoid of the invasive ladybird Harmonia axyridis in Europe
C. septempunctata adult and another from a H. axyridis adult, both collected during field 139 sampling in Ghent, Belgium. The adult coccinellids were identified using morphological 140 characteristics described in Iperti (1964) . Harmonia axyridis adults from the laboratory 141 population were used to establish a culture of the braconid. At the start of each generation 142 single females of D. coccinellae were confronted with five adult ladybirds (4-21 days old) in a 143 plastic Petri dish (14 cm diameter, 1.5 cm high) during a period of 30 min. The ladybirds were 144 then transferred to rearing containers (30 x 17 x 9 cm), holding about 30 individuals. The bottom 145 of the containers was covered with paper toweling and the lid had a large rectangular opening 146 screened with fine mesh for ventilation. The rearing containers were kept in an incubator at 23 ± 147 1 °C, 65 ± 5% relative humidity (RH) and a 16:8 h (L:D) photoperiod. The ladybirds were provided 148 daily with E. kuehniella eggs ad libitum as food. A moist paper plug fitted into a plastic dish 149 served as a water source. During the 4 weeks after parasitization, the containers and ladybirds 150 were checked daily for D. coccinellae cocoons. Cocoons were collected and placed individually in 151 a Petri dish (9 cm diameter, 1.3 cm high). After adult emergence, a paper plug fitted into a 152 plastic dish was added to the Petri dish, which was then moistened daily with a 15% (both sexes) from the field populations were used to study the effect of host morph type 169 (melanic vs. non-melanic). The influence of host developmental stage was studied using third 170 and fourth instars, pupae and adults (both sexes) of the non-melanic field population. 171
Parasitization of the field vs. the laboratory population was compared using melanic adults 172 (both sexes) of the coccinellid. In a subsequent series of choice tests, single D. coccinellae adults 173 were confronted for 5 min with two individuals of H. axyridis of different morphs, stages, or 174 populations as described above. In addition, the influence of host sex (adult male vs. adult 175 female) was also studied in a choice test using individuals of the non-melanic field population of 176 H. axyridis. Adult sex was determined as described in McCornack et al. (2007) . 177
For all choice and no choice tests 30 replications were used. In each test the number of 178 oviposition attacks by D. coccinellae was assessed as a measure of host acceptance (Richerson 179 and DeLoach, 1972). According to Okuda and Ceryngier (2000) 
Effects of parasitization on host fitness 202
In preliminary experiments, using the non-melanic field population, some successfully 203 parasitized females were observed to produce eggs. Because emergence rates of the parasitoids 204 from H. axyridis adults of field populations were near to zero in this study (see further in section 205 3.3 of the results), the reproductive capacity of successfully parasitized H. axyridis adults was 206 investigated in more detail using adults of the laboratory population. A group of 68 emerged 207 adult ladybirds of the laboratory population were each allowed to be stung twice by a D. 208 coccinellae female and then paired in Petri dishes (9 cm diameter, 1.3 cm high). All attacked 209 individuals were maintained on E. kuehniella eggs and held at 23°C, 65 ± 5% RH and a 16:8 h 210 (L:D) photoperiod. Survival and oviposition of the attacked H. axyridis were monitored on a daily 211 basis. The experiment was terminated 28 days after parasitization (i.e. 5 days more than the 212 average egg-pupa period of D. coccinellae when attacking fourth instar H. axyridis at 23°C in this 213 study). A control group of 40 non-attacked adults was monitored under the same conditions. 214
In addition, prey consumption by successfully parasitized H. axyridis was examined. 215
Individuals of a cohort of 42 fourth instars from the non-melanic field population of H. axyridis 216 were each stung twice by D. coccinellae. Each attacked host larva was then placed in an 217 individual 9 cm Petri dish and kept for 30 days. Water was provided as described above and the 218 feeding stages of H. axyridis were daily supplied with 40 fourth instar and adult Acyrthosiphon 219 pisum (Harris) aphids. The number of aphids consumed by each coccinellid during a 24 hour 220 period was determined 2,14,17 and 23 days after parasitoid attack. Aphid predation by a control 221 group of 40 non-attacked H. axyridis was also measured. 222
Data analysis 223
The statistical program Stata/SE 9.2 was used for all statistical analyses in the study ( 
Results

234
No choice tests 235
Mobile stages were most frequently attacked in the no choice tests assessing attack rates on 236 different host stages ( Fig. 1(a) ). Based on the Poisson regression, pupae of H. axyridis (n = 30) 237
were less frequently attacked than third instars (n = 30) (p = 0.005), fourth instars (n = 30) (p < 238 0.001) and adults (n = 30) (p < 0.001). Third instars were less frequently attacked than fourth 239 instars (p < 0.001) and adults (p = 0.0035), and attack rates on adults were lower than those on 240 fourth instars (p = 0.005). The parasitoid successfully developed to adulthood only when larval 241 instars were attacked, with an emergence rate of 10.0 ± 5.6 % from third instars and 6.7 ± 4.6% 242 from fourth instars. 243
The Poisson regression and 2-sided Fisher-exact-test determined that morph type did 244 not affect the number of attacks by the wasp nor its emergence rate, respectively ( Fig. 1(b) ) (n = 245 30 per stadium and per morph type). Again, in this experiment successful emergence of D. 246 coccinellae adults was only observed when larvae (fourth instars) were attacked (6.3 ± 4.4% and 247 7.1 ± 5.0% for non-melanic and melanic fourth instars, respectively). Female non-melanic 248 beetles (n = 13) were attacked more than male non-melanic beetles (n = 17) (p = 0.007) in this 249
experiment. 250
The number of attacks by the wasp was similar on adults of the laboratory and melanic 251 field population (Fig. 1(c) ). Parasitoid emergence rate was slightly higher on the laboratory 252 population than on the melanic field population (10.0 ± 5.6 % versus 3.3 ± 3.3%, respectively), 253 but according to the 2-sided Fisher-exact-test this difference was not statistically significant. 254
Choice tests 255
Based on the Poisson regression third instars of H. axyridis paired with a pupa (n = 30) were 256 attacked more frequently than when paired with a fourth instar (n = 30) or adult (n = 30) (p < 257 0.001) (Fig. 2) . Third instars combined with an adult were attacked more than when paired with 258 a fourth instar (p = 0.017). Pupae placed together with a third instar (n = 30) were attacked 259 more frequently than when paired with a fourth instar (n = 30) or adult H. axyridis (n = 30) (p = 260 0.013). Fourth instars and adults were attacked with the same frequency, independent of the 261 type of developmental stage they were paired with. 262
When given a choice, based on the Poisson regression, the parasitoid preferred to 263 attack adults of the non-melanic field population over those of the melanic population (n = 30) 264 (p = 0.01 for males and p = 0.008 for females). No difference was found in its preference for 265 fourth instars of either the melanic or non-melanic field population (n = 30) (Fig. 3) . 266
Furthermore, melanic fourth instars were attacked more frequently than melanic adults (p = 267 0.015) and melanic male adults (n = 18) were attacked more frequently than melanic female 268 adults (n = 12) (p = 0.002). (Table 2) . 291
Further, D. coccinellae had very low emergence rates when attacking individuals of the 292 field populations. Only 10.0 ± 5.6% of non-melanic third instars, 14.7 ± 3.5% and 7.1 ± 5.0% of 293 non-melanic and melanic fourth instars, respectively, and 0% and 1.7 ± 1.7% of non-melanic and 294 melanic adults, respectively, were successfully parasitized. Parasitoid emergence rate amounted 295 up to 16.9 ± 2.9% when adults of a long term laboratory population were attacked. 296
Effects of parasitization on host fitness 297
In this experiment adults that turned out to be successfully parasitized by D. coccinellae 298 were able to produce fertile eggs (Fig. 4) ; out of the 8 couples of successfully parasitized 299 ladybirds, the females of only 2 couples failed to oviposit. Couples with a successfully parasitized 300 male partner laid a similar number of eggs as couples with a successfully parasitized female 301 partner (there were no couples with both partners successfully parasitized in this experiment). 302
Based on the negative binomial regression, the number of eggs and larvae produced by 303 successfully parasitized couples was, however, lower than that produced by the non- Based on the negative binomial regression, successfully parasitized fourth instars of H. 313 axyridis (n = 9) consumed more pea aphids than did non-attacked fourth instars of the control 314 group (n = 42) and the unsuccessfully parasitized group (n = 33) (p=0.067 and p = 0.011, 315 respectively) (Fig. 5) . After becoming adults, successfully parasitized adults (n = 9) consumed 316 similar amounts of aphids as non-attacked (n=38) and unsuccessfully parasitized (n = 31) 317 ladybirds in the first days after their emergence. However, about 23 days after having been 318 attacked by D. coccinellae (i.e. 0-2 days prior to parasitoid emergence), the successfully 319 parasitized H. axyridis adults consumed less aphids than the control adults (p = 0.006). 320 parasitoid on pupae and to a lesser extent on third instars of the coccinellid could be related to 331 the lower mobility of these life stages. However, based on differences in mobility alone, the 332 more active adults are expected to be attacked more frequently than fourth instars, as was 333 found by Obrycki et al. (1985) and Geoghegan et al. (1998) for Coleomegilla maculata Lengi 334 (Coleoptera: Coccinellidae) and C. septempunctata, respectively. In our experiments, however, 335 we observed that in contrast to fourth instars, adults of H. axyridis were often too agile for the 336 parasitoid female to successfully insert its ovipositor. Body size may be a further factor 337 explaining the parasitoid's preference for fourth instars and adults over third instars. (1998), however, found that the emergence rates from adults of C. maculata and C. 344 
